Despite much efforts in the last few decades, the mechanism of degeneration of dopamine (DA) neurons in the substantia nigra (SN) in Parkinson's disease (PD) remains unclear. This represents a major knowledge gap in idiopathic and genetic forms of PD. Among various possible key factors postulated, iron metabolism has been widely suggested to be involved with fueling oxidative stress, a known factor in the pathogenesis of PD. However, the correlation between iron and DA neuron loss, specifically in the SN, has not been described in experimental animal models with great detail, with most studies utilizing rodents and, rarely, non-human primates. In the present study, aiming to gain further evidence of a pathological role of iron in PD, we have examined the correlation of iron with DA neuron loss in a non-human primate model of PD induced by MPTP. We report a significant iron accumulation accompanied by both DA degeneration in the SN and motor deficits in the monkey that displayed the most severe PD pathology and behavioral deficits. The other two monkeys subjected to MPTP displayed less severe PD pathologies and motor deficits, however, their SN iron levels were significantly lower than controls. These findings suggest that high iron may indicate and contribute to heightened MPP + -induced PD pathology in late or severe stages of PD, while depressed levels of iron may signal an early stage of disease. Similarly, using a cell culture preparation, we have found that high doses of ferric ammonium citrate (FAC), a factor known to enhance iron accumulation, increased MPP + -induced cell death in U251 and SH-SY5Y cells, and even in control cells. However, at low dose FAC restored or increased the viability of U251 and SH-SY5Y cells in the absence or presence of MPP + . These observations imply that high levels of iron likely contribute to or heighten MPP + toxicity in the later stages of PD. While we report reduced iron levels in the earlier stages of MPTP induced PD, the significance of these changes remains to be determined.
INTRODUCTION
Parkinson's disease (PD) is a well-known progressive neurodegenerative disorder that involves significant degeneration of dopamine (DA) neurons in the substantia nigra (SN) (Riederer and Wuketich, 1976; Agid, 1991) . Such cellular neurodegeneration is accompanied by progressive, and usually irreversible motor deficits, marked by bradykinesia, rigidity, and tremor (Foley and Riederer, 2000) . Although the mechanism of DA cell death in PD is far from clear, oxidative stress is considered to play a major role.
Iron, a redox-active transition metal, is a critical player in many physiological processes in the nervous system, such as myelin synthesis, DA metabolism, and neurotransmitter regulation (Zecca et al., 2004; Moos et al., 2007; Todorich et al., 2009 ). However, excess iron can intensify oxidative stress and increase reactive oxygen species (ROS), resulting in damage to DNA, RNA, proteins and lipids (Zecca et al., 2004; Moos et al., 2007; Todorich et al., 2009) . Current evidence suggests that iron is selectively elevated in the SN of PD patients (Dexter et al., 1989; Vymazal et al., 1999; You et al., 2015) . Further, the degree of iron accumulation has been shown to be correlated to disease severity in human PD (Martin-Bastida et al., 2017; An et al., 2018) . This has been corroborated in animal models where unilateral injection of iron to the SN of rats resulted in DA neuron degeneration (Ben-Shachar and Youdim, 1991) , infusion of ferric chloride into the SN of rats resulted in a dose-dependent progression of parkinsonism (Sengstock et al., 1993) , and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) injection into the brain led to iron accumulation in the SN of monkeys (Mochizuki et al., 1994; He et al., 2003) . However, human studies do not allow for the type of interrogative resolution necessary to uncover the role of iron accumulation in PD pathogenesis. In addition, related animal studies are primarily rodent-based and fail to fully replicate the human disease pathology.
Non-human primate models of neurodegenerative diseases, particularly related to PD, are very effective methods of investigation due to their close relationship with humans. In addition, very few non-human primate studies have begun to investigate this phenomenon. Therefore, the primary goal of this study was to further document the correlation of iron with oxidative stress and DA cell death in a monkey model of MPTP-induced PD. A parallel study using cell culture aimed to investigate the direct causality of iron accumulation and the death of a human glial and neuronal cell line in the presence of MPP + . Utilizing this combination strategy, we have demonstrated in a limited number of monkeys (n = 3) that the highest level of SN iron accumulation correlated with the following: highest loss of DA neurons, greatest oxidative stress in the SN, and the most severe PD-like motor deficits. Furthermore, the monkeys that exhibited less severe neuronal pathology and motor deficits had lower SN iron levels than control monkeys, further implying a correlation between iron and PD pathology. Parallel in vitro studies showed that high doses of ferric ammonium citrate (FAC), which is known to enhance iron accumulation, increased cell death in U251 and SH-SY5Y cells with or without MPP + , while low levels of FAC did not exacerbate cell death (under the same conditions).
MATERIALS AND METHODS

Animals and MPTP Treatment
All the experimental protocols were reviewed and approved by the Animal Welfare and Use Committee, and all the experimental procedures were in conformity with the guidance of the National Institutes of Health Guide for the Care and Use of Laboratory Animals of the United States. In total, six healthy female rhesus monkeys (aged 13-16 years, and weighed 5.4-7.0 kg at the start of the study) were obtained from Sichuan Primed Biological Technology Co., Ltd (National Experimental Macaque Reproduce Laboratory) (Certificate No SCXK (Chuan): 2013-105). Two weeks prior to the experiment, the animals were transferred from their home room to stainless steel monkey cages, one animal per cage, in a feeding room with controlled conditions of temperature (19 to 26 • C), humidity (40 to 70%) and light (12 h day and night cycles, lights on 8:00 am). Tap water was provided ad libitum via an automatic bubbler. A standard diet (containing 18% protein, 69% carbohydrates, 3% fat, and 10% water) was fed twice daily. Meanwhile, vegetables and fruits with equal nutrients were provided to each animal every day. The healthcare and maintenance of non-human primates was performed under the supervision of specialty veterinarians. All biohazard waste was autoclaved before disposal.
The monkeys were randomly divided into two groups: normal (control) group (n = 3) and MPTP group (n = 3). The MPTP group and normal group were administered with a small dose (0.2 mg/kg) of either 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP-HCL, Sigma, St. Louis, MO, United States) or the same dose of saline, respectively, by intramuscular injection daily for 45 days (detailed protocol see Table 1 and Figure 1) . Specifically, there were two periods of MPTP injection, the first lasting for 15 days (1 st MPTP) and the second for 30 days (2 nd MPTP). Both MPTP-injection periods were followed by an interval of no injection, 8 and 7 weeks, respectively.
Clinical Motor Evaluation
Monkeys were monitored by video surveillance with no observers in the room for recording the spontaneous activity during all the procedures. Clinical scoring was analyzed by three examiners familiar with the scoring rules modified from previous studies (van der Stelt et al., 2005; Fox et al., 2012) . Briefly, motor function including movement (0-9), posture (0-1), and bradykinesia (0-3) was assessed, and the scores represented maximal (range of movement) or typical (posture, bradykinesia) behavior in the defined time period. Increasing levels of parkinsonism were reflected by an increased range of the scores. The spontaneous activity was assessed by the average score of the week.
Tissue Collection
Animals were sacrificed under deep anesthesia by sodium pentobarbital overdose (50 mg/kg, i.v, with effect confirmed by Control group (n = 3) 5.8 ± 0.5 14 ± 0.6 Saline 0.5 ml/kg 45 0 FIGURE 1 | Experimental design and clinical behavioral scores of MPTP or saline-injected monkeys. The evaluation of clinical behavioral deficits was expressed as the clinical scores which were determined weekly for up to a total of 22 weeks. Higher scores indicate more severe clinical deficits. Overall, there were a total six monkeys, three MPTP-injected and three saline-injected. The clinical score was determined for 2 weeks before injection of MPTP or saline. Note that there were two periods of MPTP injection, the first lasting for 2 weeks (1 st MPTP) and second for 4 weeks (2 nd MPTP). Both MPTP-injection periods were followed by an interval of no injection, 8 and 7 weeks. Note that the clinical score increased conspicuously starting at the beginning of 2nd MPTP injection period. Interestingly, only Mk3 showed classical clinical characteristics of PD. Unfortunately, the PD symptoms of Mk3 worsened rapidly to a level that was too severe to continue. Therefore, Mk3 was sacrificed prematurely at week 14 based on humanitarian considerations. Mk1 and Mk2, on the other hand, only developed mild PD symptoms (mild bradykinesia) and were able to continue to be observed for the entire length of study (22 weeks).
absence of corneal reflex), and the brains were rapidly removed on ice, divided into coronal slabs of 4 mm thickness and then fixed in 4% paraformaldehyde phosphate buffer solution (pH 7.4) for further use. Brain slabs were then cryoprotected by soaking in 20 and 30% sucrose solution at 4 • C and sliced into 30 µM coronal sections.
Histopathology
The sections were floated in 0.1% chrome alum-gelatin solution and mounted in slides. After drying at room temperature, the sections were processed for hematoxylin and eosin (H&E) staining, Nissl staining (Glaser and Van der Loos, 1981) , Prussian blue staining (Sundberg and Broman, 1955; Sharma and Nehru, 2018) and lipofuscin (Schmorl) staining (Goldfischer and Bernstein, 1969) .
Immunohistochemical Analysis
Sections for immunohistochemistry were rinsed thrice in 0.01 M PBS (pH = 7.4) and then placed in hydrogen peroxide [V(30% H 2 O 2 ) : V(methanol) = 1: 50] to eliminate endogenous peroxidase activity. After washing three times in PBS, sections were incubated in 10% normal goat serum for 30 min at 37 • C, and then sections were reacted with primary antibodies (TH: rabbit anti-TH polyclonal, 1:200, ENZO) for 24 h at 4 • C. After several washing steps, sections were incubated with biotinylated secondary antibody followed with washing steps and incubation with streptavidin peroxidase for 1 h at room temperature. Finally, the sections were stained in the ammonium nickel sulfate-DAB for no more than 30 min. The staining solution was prepared as described previously (Chen et al., 2007) .
Subdivisions of the SN
The anatomical position of the brain nuclei was identified according to the Macaque Brain Atlas (Szabo and Cowan, 1984; Yang et al., 1990) . To decipher the impact of MPTPinduced neuronal loss and regional vulnerability within the SN, we divided the SN into seven tiers. Briefly, according to this stereotaxic method, two coordinate values on the same drawing of coronal sections were marked, one shows the coordinates value of the distance from APO plane and the other shows the value of the distance from the posterior margin of C.P. Then, the SN was divided into 7 tiers: CP + 8.4/A15.2, CP + 7.2/A14.0, CP + 6.6/A13.4, CP + 5.9/12.7, CP + 4.8/A11.6, CP + 3.7/A10.5, CP + 1.6/A8.4 (Supplementary Figure S1) . Meanwhile, the nigral tiers of CP + 6.6/A13.4 and CP + 5.9/12.7 were divided into three subregions: ventral, medial and dorsal (Supplementary Figure S1) .
Image Analysis and Data Processing
Tissue sections were observed by a light microscopy (Nikon, Tokyo, Japan), and images were captured using a Nikon50i-BF fluorescent biological digital microscope (Nikon) equipped with a CCD camera (Nikon). The region of interest (ROI) was outlined under low magnification (4×) and then captured in high magnification (40×-400×). For measurement of DA neuronal size by Nissl staining, the ROI images were captured at high magnification (400×) and then the long and minor axis sizes were measured using Image-Pro Plus 6.0 according to the scale bar. For estimation of TH(+) positive areas and staining areas of iron in seven nigral tiers; three or four intact sections in each tier were selected for analysis and then sequential ROIs were captured and quantified using Image-Pro Plus 6.0. For estimation of lipofuscin cells, the ROI images were also captured at high magnification (200×) and quantified using Image-Pro Plus 6.0.
Cell Culture
U251 and SH-SY5Y cells were used in this study (both purchased from Kunming Cell Bank of Chinese Academy of Sciences, China) as they have been used in previous, similar studies (Tanji et al., 2001; Deng et al., 2013; Xicoy et al., 2017) . Both cell lines were routinely cultured in DMEM (Gibco, Waltham, MA, United States) supplemented with 10% FBS and 1% penicillin/streptomycin and maintained at 37 • C in a humidified atmosphere of 5% CO 2 . Twenty-four hours after plating or when the cell density was 60-70%, the cells were immediately treated with ferric ammonium citrate (FAC) for 24 h or pretreated with FAC for 12 h followed by MPP + (Sigma, United States) for another 12 h.
Cell Viability Assay
Both U251 and SH-SY5Y cells were plated in 96-well plates, respectively. After treatment, cell viability was measured by a Cell Counting Kit-8 (CCK-8) system according to the instructions provided by the manufacturer (Dojindo, CK04-11, Japan). Briefly, CCK-8 solution (10 µL per 100 µL of medium in each well) was added in each well, and the plates were then incubated at 37 • C for 1 h. The absorbance of each well was read at 450 nm using a microplate (Thermo, United States) reader. Each experiment was repeated four times.
Statistical Analysis
Statistical analysis was carried out using IBM SPSS Statistics 22. Data are expressed as mean ± SD, and one-way analysis of variance (ANOVA) with Duncan's multiple range test and Student's t-test were used for statistical assessment. P < 0.05 was considered statistically significant.
RESULTS
Clinical Motor Function Evaluation of Control and MPTP-Treated Monkeys
Behavior tests revealed no apparent differences of clinical symptoms in MPTP-treated monkeys after the first 15 daily injections of MPTP (1 st MPTP, Figure 1 ) when compared with the control group. However, the behavioral scores exhibited a progressive trend of deterioration during the first post-MPTP period (8 weeks), while the trend was accelerated toward the end of this period (Figure 1) . Subsequently, the second injection of MPTP (2 nd MPTP, Figure 1 ) was carried out which lasted for 4 weeks. During this period, classical characteristics of PD, including resting tremor, rigidity, bradykinesia, and postural instability were observed and worsened rapidly in Monkey 3 (Mk3) after the 21st injection in the 2nd MPTP period. In addition, feeding for Mk3 was also severely impeded. For humanitarian and animal welfare considerations, Mk3 was sacrificed after deep anesthesia. Meanwhile, the remaining 2 MPTP-treated monkeys (Mk1 and Mk2) displayed mild bradykinesia without tremor during 2nd MPTP and 2nd post-MPTP periods ( Figure 1 and Table 1 ). As such, Mk1 and Mk2 were observed for the entire experimental period and sacrificed at the end of 22 weeks of evaluation. In addition, all the control animals were sacrificed at the same time (at the end of 22 weeks of evaluation).
MPTP Injection Produced DA Neuron Atrophy and Cell Loss
Histological examination revealed no damage to the liver and kidney of the 3 MPTP-injected monkeys (data not shown). Tissue analysis using Nissl staining showed that DA neurons in the SN of MPTP-injected monkeys were atrophied, especially in Mk3 ( The micrograph of Nissl staining in control and in monkey 3 (Mk3) that displayed the most severe structural and functional deficits. The images were taken from ventral, medial, and dorsal areas of the substantia nigra (SN) for both monkeys. Note that in control monkeys, only a few atrophic neurons (with darker color and smaller soma size than normal neurons, arrows) were seen. In addition, neurites can be clearly observed. In Mk3, however, more atrophic neurons can be discerned, and the neurites were less abundant than the control, especially in ventral SN. 
The Relationship Between Iron Content and PD Pathology in MPTP-Lesioned Monkeys
In the present study, accumulation of brown dots was noted in the SN of MPTP-lesioned monkeys (Figure 3 , yellow and red arrows, insets). In order to investigate the nature of these dots, we performed the tissue staining in Mk3 using Perls' Prussian blue which denotes iron. Using such a method, it was obvious that there was significantly more Prussian blue staining in all three regions examined (ventral, medial, and dorsal) in Mk3 compared to the control monkeys ( Figure 5 ). The inset of higher magnification in Figure 5 indicate that, although elevated in both areas, iron content in the extracellular was noticeably higher than in the neuronal somas ( Figure 5A ). Statistical analysis revealed that the area labeled with Prussian blue in Mk3 was at least threefold greater than that in the control group when examined in ventral, medial, and dorsal SN, respectively ( Figure 5B ). To further investigate the relationship between iron accumulation and neuronal degeneration in the SN region, we carried out stereological analysis in all 3 MPTP-injected monkeys (Mk1, Mk2, and Mk3). When analysis was conducted using the data from entire SN, it appears that iron labeling in Mk3 was significantly greater than that in control monkeys [F(3,441) = 18.81, P < 0.0001] (Figure 6E) . Interestingly, there was a reduction of iron labeling in Mk1 [F(3,427) = 13.04, P < 0.0001] and Mk2 [F(3,434) = 8.621, P < 0.0001] to a lesser degree, when compared to control ( Figure 6E) . The same pattern of the change of iron could also be seen in sub-areal analysis in the SN tier A15.2-A14 and A13.4-A12.7 (Figures 6A,B) . Therefore, in Mk3, it appears that a significant reduction of TH (+) labeling was associated with a significantly elevated iron staining in the SN (Figures 4-6) . This seems to suggest that iron may be a contributing or mediating factor in MPTP-induced DA neuron loss in the SN. However, in Mk1 and Mk2, it appears that, overall, a reduction of TH (+) neuron was accompanied by a reduction of iron (Figures 4, 6 ).
Lipofuscin Accumulation in the SN of MPTP-Lesioned Monkeys
Existing studies have found that oxidative stress is likely involved in the MPP + -induced DA cell death (Anantharam et al., 2007; Pariyar et al., 2017) . In addition, an increase of iron can also lead to the accumulation of lipofuscin, which is an end-product of oxidative attack (Marzabadi et al., 1988; Di Guardo, 2015) . We therefore set out to measure the level of lipofuscin as an indicator of oxidative stress. We have found that lipofuscin was significantly accumulated in DA neurons of SN. Specifically, the count of the number of lipofuscin positive cells in MPTPtreated monkeys was significantly greater than that in control animals [F(3,94 Black arrows indicate the neuronal soma and blue arrows denote neurites with positive TH (+) staining. In MPTP-lesioned monkeys, both neuronal somas and neurites were damaged, and the damage in Mk3 is more obvious than Mk2 and Mk1. In addition, brown dots were detected in soma (yellow arrows and inset) and in the extracellular (red arrows and inset).
and Mk1 (Figure 7) . Therefore, we again observed the highest elevation of lipofuscin in the SN of Mk3, a monkey that also showed the highest accumulation of iron and the greatest loss of TH (+) neurons.
Dose-Dependent Effect of Iron Accumulation on Control or MPP + -Exposed Cells in vitro
Subsequently, we investigated iron's effect on cell viability for control and MPP + exposed cell cultures (U251 and SH-SY5Y). Ferric ammonium citrate (FAC), which has been shown to enhance iron accumulation, was utilized at concentrations consistent with the current relative literature (Li et al., 2016) . In the U251 cell (human glioma cells) system, we found that low doses of FAC (5 to 50 µM) increased cell viability. However, high doses of FAC (100 to 500 µM) did not affect the cell viability ( Figure 8A) . At 1,000 µM, however, FAC induced significant cell death ( Figure 8A) . Next, we set out to examine the influence of FAC on MPP + -induced cell death on U251 cells. In the low level of MPP + (0.5 mM) for which no significant cell death occurred in U251 cells, pretreatment (2 h) with a low dose (10 µM) of FAC led to an increased cell viability in the presence of MPP + (Figure 8B) . At higher doses (200 and 500 µM) of FAC, however, cell viability was significantly reduced (Figure 8B ). This indicates that while MPP + at 0.5 mM, or FAC at 200 and 500 µM was not toxic when applied separately, a combination of these two was toxic (Figures 8A,B) . At a higher level of MPP + (1 mM) for which cell death did occur, lower level of FAC (10, 50, and 100 µM) could reverse the cell death caused by MPP + (Figure 8C) . However, higher levels of FAC (200 and 500 µM) significantly exacerbated the cell death caused by MPP + alone ( Figure 8C) . Similar results were also obtained from the SH-SY5Y cell system (Figures 8D-F) . Specifically, when applied alone, FAC at low concentration (100, 500, and 1,000 µM) could increase cell viability, while at high concentrations (5,000 and 10,000 µM), FAC could reduce cell viability ( Figure 8D ). Similar to that of U251 cells, in the presence FIGURE 4 | Determination and comparison of TH staining in the SN in three MPTP-lesioned monkeys and in controlled monkeys. The data of TH (+) staining was collected, and stereology analysis was carried out in four SN tiers for each monkey, A15.2-A14 (A), A13.4-A12.7 (B), A11.6 (C), and A10.5-A8.4 (D) Note that TH (+) staining was consistently lower in the Mk3 compared to controls in all tiers [F(3,186) = 33.42, P < 0.0001]. In addition, TH (+) staining in Mk3 was also significantly lower than Mk1 and 2 in tier A13.4-A12.7 [F(2,45) = 16.46, P < 0.0001] and A11.6 [F(2,30) = 5.075, P = 0.0126]. (E) A comparison of TH (+) area in each monkey when the data were pooled together from all the SN tiers. Analysis showed that TH (+) positive areas in the SN of all three MPTP-lesioned monkeys were significantly reduced when compared to control [F(3,279) = 43.5, P < 0.0001]. In addition, TH (+) areas in Mk3 were significantly lowered than that of Mk1 and Mk2[F(2,133) = 11.14, P < 0.0001]. ANOVA, * P < 0.05, * * P < 0.01. of low MPP + (3 mM) that was non-toxic, low level of FAC (200 and 500 µM) increased cell viability, while high level of FAC (5,000 µM) lowered the cell viability when compared to control or MPP + only ( Figure 8E) . However, in the presence of higher concentrations of MPP + (5 mM), which caused significant levels of cell death in SH-SY5Y cells, additional higher levels of FAC (2,500 and 5,000 µM) exacerbated the cell death caused by MPP + alone ( Figure 8F) .
DISCUSSION
Previous studies have demonstrated the abnormal iron accumulation in the SN of PD patients (Vymazal et al., 1999; Ke and Qian, 2007) and that high intake of iron in diet was associated with an increased risk of PD (Powers et al., 2003) . Further, studies show that excessive iron content may be related to clinical symptoms (He et al., 2013; Guan et al., 2017; Naduthota et al., 2017) and contributes to DA neuron degeneration in PD (Ke and Ming Qian, 2003; Oakley et al., 2007; Ward et al., 2014 ). In the current study, we have observed that as one of the three monkeys subjected to MTPT-exposure, Mk3 displayed the most severe clinical motor deficits among all the monkeys, control or MPTP-injected. Importantly, Mk3 was also associated with the highest level of iron accumulation, oxidative stress, and DA cell loss in the SN, suggesting a correlation of heightened iron accumulation with severe PD-like motor deficits. In good agreement with the in vivo studies, we have also shown that the addition of FAC, a known compound promoting iron accumulation, exacerbated MPTP toxicity in cultured U251 and SH-SY5Y cells when used in high concentrations. Therefore, our data are consistent with the growing evidence suggesting that significantly high level of iron is associated with, and likely a contributing factor in, DA cell loss and behavioral deficits in PD.
Iron-induced oxidative stress has been widely implicated in the pathogenesis of neurodegenerative diseases, including PD. Excessive iron can participate in Fenton's reaction to generate ROS (Gaasch et al., 2007) , which has the potential to damage DNA, modify proteins leading to structural and functional alterations (Dalle-Donne et al., 2003a,b; Melis et al., 2013) , and promote peroxidation of polyunsaturated fatty acids leading to alterations and functional loss of membranes (Catala, 2009) . Furthermore, as a well-established pathology in PD, oxidative stress and therefore ROS can stimulate the release of iron from its storage proteins such as Fe-S cluster proteins and further feed ROS via Fenton's reaction (Zucca et al., 2017) . Therefore, high brain levels of iron content may not only contribute to, but also result from neurodegeneration. While the exact role of iron in PD neurodegeneration is still not clear, it is likely that the interplay of iron and oxidative stress is involved in a feedforward vicious cycle of continuously illicit cellular damage that leads to death of DA neurons in PD.
In the present study, we also noticed that, compared to neuronal soma, the extracellular iron content was conspicuously high. As such, in addition to neuronal soma, neurites may also be directly exposed to a high level of iron which could make neuronal processes more vulnerable to oxidative stress and then likely be damaged in the event of MPTP injection. This neuronal process degeneration could then progress to the failure of dopamine transmission from SN to striatum and consequently to the accumulation of dopamine in DA neurons in SN. Normally, excess dopamine in DA neurons can be removed by neuromelanin (NM), and then dopamine could be converted into a stable compound, clamping toxicities in the DA cells (Zucca et al., 2017) . The major iron-protein complex in DA neurons is the neuromelanin-iron complex, since NM is an effective metal chelator, trapping iron and providing neuronal protection from oxidative stress (Zucca et al., 2017) . However, the free iron will elevate if NM reaches its maximal capacity of chelating iron in the event of excessive iron. Consequently, intracellular dopamine will be oxidized by iron to DA-o-quinone, an important electrophilic reactive molecule with known toxicity. DA-o-quinone has been shown to form adducts with amino acid residues (mainly cysteine residues) of different proteins (Hare and Double, 2016; Zucca et al., 2017) . Specifically, DA-o-quinone has been demonstrated to promote aggregation of α-synuclein, a hallmark of neuropathology in PD (Lotharius and Brundin, 2002 ; The determination and comparison of the numbers of neurons that contain lipofuscin in control and in MPTP-injected monkeys. Cells that contain lipofuscin in the SN of control and MPTP-injected monkeys were counted and organized in overall (total) and in ventral, medial, and dorsal aspects of the SN. Note that lipofuscin accumulation in Mk3 was consistently the highest among all monkeys in all comparisons [F(3,43) = 60.52, P < 0.0001]. In addition, lipofuscin accumulation in Mk1 [F(3,53) = 10.54, P < 0.0001]and Mk2 [F(3,56) = 16.12, P < 0.0001] was significantly higher than the control in overall comparison and that in medial aspect of the SN [Mk1, F(3,20) = 9.408, P = 0.0004; Mk2, F(3,18) = 7.587, P = 0.0017]. Mk2 lipofuscin accumulation was also higher than control in the ventral region [F(3,17) = 6.108, P = 0.0052]. ANOVA, * * P < 0.01, * P < 0.05. Yamakawa et al., 2010) . In fact, the protein sequence of α-syn has a remarkable amount of lysine that is known to be easily acetylated by aldehydes (Plotegher and Bubacco, 2016) , leading to the alteration of the membrane-bound α-helical structure and the aggregation of α-syn. In addition to DA-o-quinone, 6-OHDA, a neurotoxin commonly used in animal models of PD, is also a minor byproduct of iron-mediated dopamine oxidation, which can inhibit mitochondrial complexes I and IV and reduce ATP production, leading to eventual cell death (Hare and Double, 2016) . Additionally, a recent study found that exposure of macrophages to dopamine has been shown to enhance the uptake of non-transferrin bound iron into cells (Dichtl et al., 2018) . The result indicates that the accumulated DA may increase cellular iron content which then leads to oxidative stress response. Taken together, iron has been shown to be associated with a variety of pathological mechanisms leading to DA neuron degeneration.
In addition to encouraging α-syn aggregation though the pathway of DA-o-quinone, iron may stimulate α-synuclein aggregation through direct binding. For example, Friedlich et al. (2007) have shown that sequence homology to iron responsive elements (IRE) exist in the α-syn mRNA 5 -untranslated region, suggesting direct binding of iron and α-syn. Some other studies and our previous work that upregulated α-syn found in MPTP group monkeys (Shi et al., 2014) demonstrated that iron can induce α-syn aggregation, oligomerization or even formation of fibrils both in cell and free-cell systems (Ostrerova-Golts et al., 2000; Bharathi et al., 2007; He et al., 2013) , further solidifying the notion of that iron can directly bind to α-syn and cause its aggregation. Interestingly, Baksi et al. (2016) found that impaired or altered function of α-syn can cause iron dyshomeostasis in retinal cells. Therefore, similar to oxidative stress and iron, α-syn and iron may also interact with each other to promote α-syn aggregation and thereby the progression of PD.
Despite strong evidence of iron neurotoxicity in PD, the function of iron is still far from clear. For example, based on our monkeys and cell culture investigation in the current (D) and in the presence of low (E) and high (F) levels of MPP + . Note that in the absence of MPP + , low levels of ferric ammonium citrate (FAC) enhanced the viability of both cell types, while high levels decreased it (A,D). In the presence of MPP + , lower-level FAC either enhanced (when MPP + at lower levels, B) or restored (when MPP + high levels, C) viability of U251 cells. However, high levels of FAC led to a reduction of cell viability when compared to controls or to either level of MPP + exposure (B,C). Similar to U251 cells, the viability of SH-SY5Y cells in the presence of low levels of MPP + could be enhanced with lower levels of FAC but reduced with high levels of FAC (E). In the presence of high levels of MPP + , FAC reduced cell viability (F). Each experiment was repeated four times and all data were expressed as mean + SEM, t-test, * P < 0.05, * * P < 0.01, compared with control; # P < 0.05, ## P < 0.01, compared with MPP + only group. study, the effect of iron on cell viability related to PD pathology does not appear to be detrimental in all cases. For example, compared to Mk3, Mk1 and Mk2 displayed significantly less severe motor deficits and neuronal cellular damage associated with PD pathologies. Interestingly, the overall iron content in the SN region of both Mk1 and Mk2 was decreased compared to that of control monkeys. This seems to suggest that iron levels in the SN of monkeys with PD may consist of two phases: an early, less severe phase, where iron levels are depressed, and a later, more severe phase with elevated levels of iron. Although the pathological significance of elevated iron levels in relation to neurodegeneration is supported by most of the existing studies, the significance of early stage iron depression is not clear. Regardless, as the PD pathology advances, iron levels appear to eventually elevate, which is likely due to the overwhelming oxidative stress and degenerative process (Figure 9) .
It is well established that iron is an essential metal that is critical for cellular energy metabolism in physiological processes, such as glucose metabolism, the Krebs cycle, and oxidative phosphorylation (Oexle et al., 1999) . Therefore, it is possible that the high demand for energy (and therefore iron) during the early stages of PD led to the decreased iron levels, as seen in Mk1 and Mk2. This could be viewed as a sign of stress during the early stages of neurodegeneration. In this period, the DA neurons, although facing an initial PD related pathological attack, continue to initiate or sustain their repair processes by consuming additional energy (and iron). Consistent with such observations, Ayton et al. (2015) found that the iron content in the SN of mice during early stages (3 days after MPTP injection) was reduced. However, this reduction could have also possibly been caused by the significantly increased levels of APP. Therefore, while we report reduced iron levels in the earlier stages of MPTP induced PD in this investigation, it is obvious that the significance of these changes is yet to be determined.
These in vivo studies are in good agreement with our parallel in vitro investigation. In the cell culture study, we noted that mild and moderate levels of FAC, a compound that enhances iron accumulation, when applied either alone or in the presence of MPP + (FAC applied before the exposure of MPP + ), did not cause or exacerbate cell death instigated by MPP + . However, at high concentrations, FAC increased cell death with or without MPP + . It is also clear that at higher levels iron can be toxic, even in the absence of or at low levels of MPP + , which is likely due to, at least in part, the stimulation of oxidative stress (a wellknown pathology).
Lipofuscin is a known end product of oxidative stress (Thaw et al., 1984) . It has been found that lipofuscin accumulation can be accelerated by increased oxidative stress in cultured rat neonatal myocardial cells (Marzabadi et al., 1991) , while iron could increase the level of lipofuscin accumulation in the culture medium (Marzabadi et al., 1988) . This indicates that both iron and oxidative stress promote lipofuscin accumulation. In the present study, we found that lipofuscin accumulation occurred in the SN, and the levels of accumulation were positively correlated to iron contents, DA neurons loss, and PD scores. Specifically, the level of lipofuscin was the highest in Mk3, which was also associated with the highest level of neurodegeneration and motor deficits. This data is consistent with several previous studies that MPTP accelerated the accumulation of lipofuscin in mouse adrenal gland (Hadjiconstantinou et al., 1987) and retina (Mariani et al., 1986) . Taken together, our data, coupled with others' , suggest that MPTP-induced oxidative stress, indicated by lipofuscin, can likely lead to the accumulation of iron, which in turn, in a feed forward loop, exacerbates MPTP toxicity and leads to cell loss of DA neurons in PD.
Following the demonstrating of the well-established iron toxicity in PD, iron chelation therapy in PD has been examined as a novel treatment option, first in animal models and recently in human studies. For example, clinical studies have shown that deferiprone (DFO), an iron chelator, could reduce iron content in the dentate and caudate nucleus (Lilley, 2012; Martin-Bastida et al., 2017) and provide neuroprotection (Aguirre et al., 2015) . These studies not only further solidify the toxic role of iron in PD, but also suggest novel therapy of iron chelation. However, in light of our own current findings, iron chelating therapy may be suitable in more severe or later stages of PD which are associated with high iron contents, but not appropriate in less severe or early stages of PD pathology with depressed iron level.
CONCLUSION
In a monkey model of PD using MPTP, we have gathered findings that support the notion that excessive iron is likely a causal factor mediating and accelerating MPTP/MPP + toxicity leading to DA neuron cell death. The exact mechanism by which iron together with oxidative stress mediate the MPTP/MPP + -induced degeneration that leads to the SN specific neuron loss is not clear. However, the current results indicate that the interplay of excessive iron with neuromelanin, DA, α-syn, and the process of oxidative may be a key factor in causing cell death of DA neurons in the SN. Therefore, it is likely that excessive iron may increase the risk of PD in humans, along with various other identified environmental risk factors. Meanwhile, our in vivo and in vitro data also indicate that iron is suppressed during the early stages of PD, however its significance remains unclear and will be the topic of a future study. As such, any possible treatment strategies for influencing iron levels in PD may need to take the timing of treatment into consideration, likely by reducing iron during the late stages of PD when iron is high in the SN (to suppress degeneration).
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